Abstract
Introduction
The coil compression springs will have a tendency to buckle when the deflection (for a given free length) becomes too large and thereby spring can no longer provide the intended force. Buckling can be prevented by limiting the deflection or the free length of the spring. If these options are unavailable, then best alternative is replacing with conical springs(having variable radii of curvature) to avoid buckling as they have less likeliness to this instability. In most of the research completed to date on buckling of coiled springs, very few literature on conical springs can be found. In this paper, authors have proposed an analytical expression with its experimental verification along with existing bench mark theories to compare cylindrical and conical springs at the point of buckling of cylindrical spring in respect of their load and deflection. The prediction of buckling of conical compression springs having constant pitch using author's newly developed equation and that of E.B.Wolansky [8] shows the upper and lower bound values of buckling of conical springs between which all experimental data lies. This would help to decide the suitability of conical springs against buckling failure of cylindrical springs under the given operating conditions. It also, helps to predict the possibility of buckling of conical helical springs beforehand at the design stage.
Literature Review
A. M. Wahl [2] has summarized basic and essential definitions, characteristics, behavior models, and calculation methods, load-deflection equation relating to the main types of springs. According to Wahl's assumptions, the derivation is accurate for cases where deflections per coil in axial direction of the springs are not too large and pitch angles are less than 10 0 . J. A. Haringx [3, 4] , demonstrated that an excellent agreement exists between the experiments and the results of a new theoretical calculation with respect to the elastic stability of helical compression springs of circular wire section. This calculation showed that the critical relative compression at which buckling occurs depends only on the ratio of initial length, L o to the coil diameter D o and on the method of attaching the spring ends. Finally, a continuous relation has been derived for a nonlinear conical spring by Rodrigues et al., [6] . They illustrated that the conical compression spring behavior has a linear phase but can also have a nonlinear phase. The rate of the linear phase can easily be calculated but no analytical model exists to describe the nonlinear phase precisely. This nonlinear phase can only be determined by a discretizing algorithm. They presented analytical continuous expressions of length as a function of load and vice versa for a constant pitch conical compression spring in the nonlinear phase. Validation of new conical spring models in comparison with experimental data is performed. The behavior law of a conical compression spring can now be analytically determined Becker et al., (4, 13) , partial differential equations governing the buckling behavior of helical compression sprngs were developed and solved for both end fixed and circular cross-section using transfer matrix method and produced buckling design charts. And the equations governing resonant frequencies of a helical spring subjected to a static axial compressive load are solved numerically using transfer matrix method for clamped ends. H. Wang et al., [14] , has developed load-deflection relationships by using strain-energy method and nonlinear effects due to compression of the large diameter coils have been discussed. M.H.Wu et al., [9] , has proposed a model to calculate load-deflection relation of the conical spring and verified experimentally with static data. It shows that the maximum error between simulation and experimental results was 4.6 %. V. Yildirim [11, 12] , has developed free vibration equations for cylindrical isotropic helical springs loaded axially and solved numerically based on the transfer matrix method to perform buckling analysis in a dynamic manner. The axial and shear deformation effects together with rotator inertia effects are all considered based on the first order shear deformation theory. However, Wolansky.E.B [8] , has derived the buckling -deflection equation of conical spring for both simply-supported and fixed ends. The deflection due to shear load is omitted, and only energy from torsional and flexural stresses were considered.
Therefore, based on this review of literature and research to date, the author has attempted to develop an analytical equation considering the effect of shear deformation also which was previously ignored and verify it experimentally so that a comparison may be made between cylindrical and conical springs at the point of buckling of cylindrical spring in respect of their load and deflection. This would help to decide the suitability of conical springs against buckling failure of cylindrical springs under the given operating conditions. It also, helps to predict the possibility of buckling of conical helical springs beforehand at the design stage.
Methodology
The following cylindrical helical springs whose specifications are given in the following Table 1 has been used for buckling analysis. 
.Theoretical Analysis for Cylindrical Helical Compression Springs
Much of the relations given by A. M. Wahl [2] , J. A. Hanrigx [3] and L. E. Becker and W. L. Cleghorn [4] has been used.
For the purpose of buckling analysis, the following equation for straight coil close helical compression springs and other fundamental related expressions [2, 3] are used. (1) where D o = mean coil diameter. Note:The above equation can also be used for both end fixed by taking, (2) And other related equations [3] : i) Axial Pitch, (3) ii) Ratio, (4) iii)) To determine the helix angel at buckling stage, (5) iii) Ratio of turns. (6) iv) Critical load, Induced shear stress is within the permissible limit. Hence the spring design is safe. Table 2 as Given Below. From the above analysis, it is implies that, for large value of helix angles, agreement with Haringx's results becomes poor with the experimental values. Also, significant deviations from the elementary theory occur at small number of turns or large values of helix angles, where the effective rigidities (i.e., flexural, torsional and shearing rigidities) used by Haringx are inaccurate. 
The Outcomes of Theoretical Analysis has been shown in

Theoretical Analysis for Conical Helical Compression Springs
The load-length characteristics of these conical springs are usually linear and nonlinear. In the non-linear phase, the spring stiffness is not constant but depends on the compression. This behavior occurs when the number of active coils decreases or increases with varying compression. The non-linear behavior of a spring can be achieved by i) Varying the mean coil diameter in axial direction ii) Varying the pitch. iii) Varying the spring wire diameter along its length.
In this research findings, the non-linear behavior has been achieved by varying the mean coil diameter in axial direction and keeping the constant spacing between adjacent coils along the axis of the conic (i.e., constant pitch ) as shown in tale 3. The rate of the spring in the linear phase can easily be calculated but in non-linear phase, it not straight forward.
The deflection and load analysis has been carried out using the author's newly developed equation and E. Rodriguez et al [6] , as follows. Initial active length of the spring,
Overall solid length of the spring,
i) For linear behavior phase
The load-length characteristic is linear since the spring rate k is constant:
For : compressed length of the springs in the linear zone,
And for (12) ii) Nonlinear Behavior Phase Solid length,
b) At transition point T, the load is given by (14) Once is known, length at transition is directly deduced from following equation:
i.e.,
Load at maximum compression point,
The associated length can be calculated.
c) The number of current free coils) can be calculated as
Total axial spring deflection is the sum of both free coils and solid/ground coils deflections Finally
This equation has been derived by E. Rodriguez et al [6] .
The length of a constant pitch conical spring can thus be calculated using the following formula:
And following expressions, S. P. Timoshenko et al [1] ,also have been used.
where, and n-nth coil where the stress is being measured. It is maximum at the biggest coil in the spring.
e) Stiffness of the spring,
The Newly Developed Equation by Authors:
For the purpose of analysis of buckling of conical helical compression spring having constant pitch, the following equation has been developed considering the effect of shearing force( Figure 4 ) that was previously ignored by
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where, and . For both end fixed,
Accocding to Wolansky's Equation [8]:
Critical deflection,
Taking, μ = 0. It is not admissible because ratio of two real quantity cannot be imaginary and hence no buckling of springs. iii) Accocding to Wolansky's Equation [8] , Critical deflection, It is not admissible because ratio of two real quantity cannot be imaginary and hence no buckling of springs. Now to get the corresponding critical load, we need to iterate for critical load (P cr ) using above two equations simultaneously until it reach to known values of n f =24 and δ cr = 117.499 mm, in the non-linear zone of compression of the conical springs. Using MATLAB, as shown below. Table 4 and theoretical analysis outcomes also shown in Table 5 and its graphical representation in Figure 3 below. 
Conduct of Experiments
Test Rig
To analyze the behavior of helical compression spring, the test-rig shown in figure has been developed and fabricated in the institute laboratory. This spring testing machine is capable of taking load of 30 kg.
Test Rig Specifications:
Max. height -315 mm Max. Diameter-150 mm Steps for conducting experiment:
1) Load the spring on the machine touching both the ends to the compressing plates and no load is applied on it. 2) Set the weighing machine to zero load, if necessary so that the reading on the sensor is zero. 3) Now apply the load until the sensors senses 5 mm deflection, and note down the readings on weighing Figure 4 Spring Testing Set-Up machine.
4) Now apply the load until the sensors senses 5 mm deflection, and note down the readings on weighing machine. 5) Now apply the load until the sensors senses 5 mm deflection, and note down the readings on weighing machine. 6) Continue this procedure with deflection that already calculated theoretically and note down the corresponding weight on weighing machine. 7) Note down the critical deflection and corresponding load, if occurs. 8) Reverse the procedure unloading the spring through the same steps and record the corresponding load in the decrease order.
Experimental Data
Testing of springs has been carried out as per the above explained procedure and the data are recorded as shown in Table 6 and 8 as given below. From the above Table 7 it is clear that simulation values and practical values are nearly closer to each other at almost all the points of deflection and buckling behavior of cylindrical springs has been found to be in better agreement with the theory by Haringx for both ends fixed. 
Note:
The last readings in each are closer to the solid length and highlighted figure in each column corresponding to the point of buckling of cylindrical springs in comparison.
The above practical data has been shown in graphical format in the following Figure 6 for better understanding and insight into the behavior of springs and their buckling phenomenon. They shows that, initially all deflects linearly and after transition point the load-deflection is non-linear where the stiffness of the springs will vary. Longer the free length of the springs, more will be the linear range of deflection against the axial load.
The comparison of buckling load on the cylindrical springs against the corresponding axial load on the conical springs for the same deflection has been studied thoroughly and it has been discussed in the Section 5 as given below. 
Results and Discussion
From the analysis of both theoretical and practical data, it is clear that values from theoretical and practical data related to cylindrical and conical are closer to each other with difference of 2% -4% between them. Hence the newly developed equation by the authors for conical springs gets verified. With this verification, the values of critical loads and deflections of cylindrical springs are compared against the corresponding values on the conical springs having the same free length and same deflections. For the same deflection of both cylindrical and conical springs, the percentage difference between the axial loads at the respective corresponding point of deflections is varying from 30 % to 80 % (an average of 65.5 %) as the free length of the springs increases. Thus, with the replacement of conical springs, the buckling can very well be avoided meeting all the necessary spring operations in any given systems.
Conclusion
After the detail analysis of behavior of both cylindrical and conical springs under the static load, it has been found that for their same deflections, the difference between the corresponding loads on them has been significant. The conical helical springs are more useful than cylindrical for greater axial deflections without buckling. However, space constraints would restrict using conical springs. This above analysis will help the designer to decide the suitability of conical springs for their replacement to avoid buckling of cylindrical springs. The newly developed equation for conical spring can be used to predict the buckling of conical spring beforehand. The conical springs are more useful where the variable stiffness is required especially in automobile systems.
